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Free fatty acids, natural uncouplers of oxidative phosphorylation, are shown to differ from -xrtificial ones in that they fail to increase conductance 
of phospholipid bilayers which are permeable for the protonated form of fatty acids but impermeable for their anionic form. Recent studies have 
revea|eO that uncoupling oy fatty acids in mitochondria s mediated by the ATIP/ADP an!iporter and, in brown fat, by thermogenin which is 
structurally very similar to the antiporter, it is suggested that both the ATP/ADP antiporter and thermogenin facilitate translocation of the fatty 
anions through the mitochondrial membrane. 
Fatty acid: Uncoupling; ATP/ADP antiporter; Thermogenin 
!. FATTY  AC ID-K4EDIATED THERMOREGU-  
LATORY UNCOUPL ING 
In  1960 we proposed  that  uncoup l ing  o f  ox idat ive  
phosphory la t ion  is a mechan ism o f  the  urgent  heat  
p roduct ion  by  warm-b looded an imals  when the  
ambient  temperature  s t rong ly  decreases  [1] (see a l so  [2]). 
Th is  propose-! was based  upon our  observat ion  that  i 5 
ra in  co ld  exposure  o f  p igeons  prev ious ly  adapted  to  co ld  
stresses l~su l ts  in a 6 - fo ld  decrease  in the  P /O  ra t io  in 
the breast  musc le  mi tochondr ia  [1,2]. Such  an  etTect was  
then  reproduced in the musc le  mi tochondr ia  o f  mouse  
[3] and  o f  fur  seal [4]. 
The  uncoup l ing  was shown to  be  abo l i shed  by  add ing  
serum a lbumin  [2,4]. Th is  fact  cou ld  be  exp la ined  
suggest ing  that  fa t ty  ac ids  are  invo lved  in the above  
effect [5] s ince (i)  free fat ty  ac ids  uncoup le  ox idat ion  and  
phosphory la t ion  in  mi tochondr ia  as first descr ibed  by  
Pressman and  Lardy  [6], and  (ii) se rum a lbumin  b inds  
fa t ty  ac ids  and  recoup les  mi tochondr ia  [5]. The  above  
suggest ion  was  conf i rmed by  our  exper iments  howing  
that  the shor t - te rm co ld  exposure  increases  the level o f  
fa t ty  ac ids  both  in musc le  in  s i tu  and  in  mi tochondr ia  
i so la ted  f rom musc le  o f  the co ld -exposed  an imal .  Fa t ty  
ac ids  ext rac ted  f rom mi tochondr ia  o f  the  c , ) ld -exposed  
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an imals  and  then  added to  mi tochondr ia  f rom the  non-  
exposed  ones  were  found to  cause  uncoup l ing  [7]. 
The  idea o f  thermoregu la tory  uncoup l ing  med ia ted  
by fa t ty  ac ids  was  la ter  conf i rmed and  extended in  
numerous  s tud ies  on  brown fat ,  the  mammal ian  t i ssue 
spec ia l i zed  in  add i t iona l  heat  p roduct ion  under  co ld  
cond i t ions  ( for  rev iews,  see [8-12]) .  In  the  brown fat  
mi tochondr ia ,  the uncoup l ing  prote in  ( the  o ther  name,  
ther rnogen in )  has  been  d iscovered  [I 3,14]. Th is  p ro te in  
inc reases  g ÷ conductance  o f  the  brown fat mi to -  
chondr ia l  membrane .  
The  uncoup l ing  ac t iv i ty  o f  thermogen in  was  shown 
to  requ i re  free fa t ty  ac ids  [11 ,12,15-17] .  I t  is not  c lear  
yet  how fa t ty  ac ids  ac t ivate  thcrmogen. ;n  as  wel l  as  how 
they uncoup le ,  in  t i ssues  o ther  than  brown fat where  
there  is no  thermogen in .  I t  seems obv ious  that  fa t ty  
ac ids  cannot  operate  as we l l -known art i f i c ia l  p ro -  
tonophorous  uncoup lers  such  as t r i f luoromethoxycar -  
bony lcyan ide  pheny lhydrazone  (Ft~.CP).  In  cont ras t  to  
FCCP,  wh ich  s t rong ly  inc reases  the  conductance  o f  
p lanar  phospho l ip id  b i layers  and  l iposomes ,  fa t ty  ac ids  
are  a lmost  w i thout  effect on  the  conductance  o f  p lapar  
me:nbrdne  and  cytochrome ox idase  proteo l iposom©s 
[181. 
Such  an  ine f f i c iency  o f  fa t ty  ac ids  as  pro tonophores  
in  mode l  sys tems can  be eas i ly  exp la ined  by  the  fact  that  
they  can  t raverse  the  phospho l ip id  membrane  on ly  in  
the i r  p ro tonated  fo rm (RCOOH)  [ ! 8] whereas  the  an ion  
(RCOO-)  tends  to  occupy  a pos i t ion  in  the  l ip id /water  
in ter face  w i th  the  carboxy la te  group  fac ing  the  water  
and  the  hydrocarbon  "tail* penet ra t ing  in to  the  mem-  
brane  core.  In  the  case  o f  the  FCCP an ion ,  the  negat ive  
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charge  is s t rong ly  de ioca l i zed  wh ich  fac i l i ta tes  d i f fus ion  
o f  the  an ion  through the  in le r face  [191. 
2. FATTY  AC ID C IRCUIT  HYPOTHESIS  
In  1988 I suggested  [19] that  in mi tochondr ia  there  
are  prote ins  wh ich  a l low the  an ion ic  fo rms o f  fa t ty  ac ids  
to  t raverse  the  mi tochondr ia l  membrane.  The  prote ins  
in quest ion  were  supposed to  be  thermogen in  in  brown 
fa t  and  the  ATP/ADP ant ipor ter  in o ther  t i ssues  (F ig .  
l ) .  Wi th in  the  f ramework  o f  th is  scheme,  the  ATP/ADP 
ant ipor ter ,  in add i t ion  to  i ts  ma in  funct ion ,  i.e. the  
t rans locat ion  o f  aden ine  nuc leot ide  an ions ,  can  a l so  
t ranspor t  fa t ty  ac id  an ions .  As  to  thermogen in ,  it 
shou ld  be  regarded as  a der ivat ive  o f  the  ATP/ADP 
ant ipor ter ,  wh ich  has  los t  the  main  funct ion  but  re ta ins  
the  add i t iona l  one .  
The  fo l low ing  observat ions  seem to  ind icate  that  the  
ATP/ADP ant ipor ter  is somehow invo lved  in the  fa t ty  
ac id - induced uncoup l ing .  
( i )  When s tudy ing  musc le  and  l i ver  mi tochondr ia ,  we  
have  found that  uncoup l ing  induced by  low concent ra -  
t ions  o f  fa t ty  ac ids  is suppressed  by  CAr t ,  the  most  
potent  and  spec i f i c  inh ib i to r  o f  the  ATP/ADP ant i -  
por ter .  The  Ki va lues  fo r  CAt r  inh ib i t ion  (1) o f  ox idat ive  
phosphory la t ion  and  (2)  o f  the  fa t ty  ac id -s t in :u la ted  
resp i ra t ion  in the  presence  o f  the  H+-ATP-synthase  in-  
h ib i to r ,  o l igomyc in ,  p roved  to  be  s imi la r  [18 ,20-23] .  
( i t)  The  CAt r  e f fec t  is aocompan ied  by  a membrane 
potent ia l  inc rease  [18] and  by  a decrease  in  the  H + con-  
ductance  o f  the  mi tochondr ia l  membrane [22]. 
( i i i )  Other  inh ib i to rs  o f  the  ATP/ADP ant ipor ter  such  
as  a t rac ty los ide ,  bongkrek ic  ac id  and  pyr idoxa l  phos -  
phate ,  as  we l l  as  i ts  subst ra te ,  A123F, a re  a l so  inh ib i to ry  
fo r  the  fa t ty  ac id - induced uncoup l ing ,  be ing ,  however .  
less e f fec t ive  than  CAt r  [18,22]. 
( iv) Uncoup l ing  by  FCCP is insens i t ive  to  CAt r  [I 8,22]. 
In  th i s  context ,  i t  is notewor thy  that  fa t ty  ac ids  inh ib i t  
the  ATP/ADP ant ipor ter  a t  low concent ra t ions .  Bong-  
k rek ic  ac id ,  a spec i f i c  ATP /ADP ant ipor ter  inh ib i to r ,  
represents  a long-cha in  f~r ty  ac id  w i th  three  carboxy la tc  
groups  [19]. A l so  CAt r  and  a t rac ty los ide  are  hydro -  
phob ic  0arboxy la tes .  
Severa l  p ieces  o f  ev idence  ind icate  c lose  s t ructura l  
and  funct iona l  re la t ions  o f  the  ATP/ADP ant ipor ter  
and  thermogen in .  
(A )  The  two prote ins  a re  o f  the  s imi la r  mo lecu lar  
mass ,  sequence ,  secondary  s t ructure ,  t ransmembrane 
ar rangement  and  domain  compos i t ion  [24-26] .  
(B)  Both  o f  them are  fo rmed w i thout  the  s tage  o f  a 
la rger  precursor ,  a very  unusua l  s i tuat ion  fo r  mi to -  
chondr ia l  inner  membrane prote ins  encoded by  the  nu-  
c lear  genes  [ 19]. 
(C )  Both  o f  them can  in teract  w i th  pur ine  nuc leot ides  
[24] and  fa t ty  ac ids  [19]. The  in teract ions  occur  in such  
a way  that  fa t ty  ac ids  induce  uncoup l ing  whereas  pur ine  
nuc leot ides  cause  recoup l ing .  
(D)  Not  on ly  the  ATP/ADP ant ipor ter  but  a l so  ther -  
mogen in  can  be regarded as an ion  car r ie r  s ince  thermo-  
gen in  increases  the  membrane permeab i l i ty  fo r  C! - [27 
291. 
I t  shou ld  be s t ressed  that  features  (B)  and  (C)  c lear ly  
d i s t ingu ish  the  ATP/ADP ant ipor ter  and  thermogen in  
f rom the  mi tochondr ia l  phosphate  and  d icarboxy la te  
car r ie rs  wh ich  a l so  resemble  these  prote ins  in the  se- 
quence  and  domain  s t ructure  I26]. 
Suggest ing  that  the ATP/ADP ant ipor ter  is competent  
in t rans locat ing  not  on ly  nuc leot ide  an ions  but  a l so  
fa t ty  ac id  an ions ,  we face  the  prob lem why th i s  car r ie r ,  
d i sc r iminat ing  between e.g. ADP and  GDP,  fa i ls  to  d ; - -  
c r iminate  between ADP and  fa t ty  ac id .  To  ove ;=ome 
th is  d i f f i cu l ty ,  i t  seems reasonab le  to  assume that  the  
h igh  nuc leot ide  spec i f i c i ty  o f  the  ATP/ADP ant ipor ter  
is a proper ty  o f  the  gate  Ib ind ing  s i te)  requ i red  to  in ter -  
ac t  w i th  hydrc ,ph i l i c  an ions  whereas  hydrophob ie  fa t ty  
ac id  an ions  can  be  e f fec t ive ly  bound to  the  an ion- t rans -  
locat ing  par t  o f  the  prote in  w i th  no  spec i f ic  gate  in-  
vo lved .  
Wi th in  the  f ramework  o f  the  above  reason ing ,  ther -  
mogen in  may be  regarded as  a product  o f  the  ATP/ADP 
ant ipor ter  evo lu t ion .  Thermogen in  st i l l  b inds  nu-  
c leot ides  but  fa i ls  :o  do  th is  in the  proper  way  and  
there fore  cannot  t ranspor t  bound nuc leot ides  through 
the  membrane.  A t  the  same t ime,  thermogen in  re ta ins  
the  an ion  t rans locat ing  mach inery  and ,  hence ,  can  
t ranspor t  fa t ty  ac id  an ions  wh ich  do  not  requ i re  the  
gate  nuc leot ide  b ind ing  s i te  to  b,. t rans iocated+ I t  is 
notewor thy  that  in thermogen in ,  the  nudeot ide  b ind ing  
s i te  is o f  lower  spec i f i c i ty  than  in ATP /ADP ant ipor ter  
{it in teracts  not  on ly  w i th  aden ine  but  a :so  w i th  guan ine  
nuc leot ides )  [10]. 
+ ~ +t+ i 'I i+i++ +,..',,j+ ' -~ =_-~ ,:::+~:~ 7,. '. 
~ H ' " - ' ~  
Fig. I. The fatty acid circuit mediated by the ATP/ADP antiporter and 
thermogenin results in the dissipation of th~ respiration-generated 
protonic potential. (!) The respiratory chain pumps H + from thc  
mitochondrial matrix to the extramitochondrial slmC¢; (2) H + proto- 
hates fatty acid on the outer surface of the inner mitochondrial mem- 
brane; (3) the protonated fatty acid traverses the phospholipid bilayer 
of the membrane: (4~ the fatty acid is deprotonated on the inner 
surface of the membrane; and (5) the formed fatty acid anion, for 
which the bilayer is impermeable, is outwardly translocated by the 
ATP/ADP antiporter or thermogenin. 
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3. RECENT OBSFRVAT:ONS IN  FAVOUR OF  
THE HYPOTHESIS  
Qu i te  recent ly  our  data  wcrc  reproduced and  ex-  
tended in Germany by  SchOnfe id  [23] who showed that  
the  e f f i c iency  o f  fa t ty  ac id  as  the  CAt r -scna i t ive  un-  
coup ler  it, p ropor t iona l  to  the  ATP/ADP ant ipor ter  
content  in mi tochondr ia  o f  d i f fe rent  t i ssues  (hear t  mus-  
c le > k idney  > l iver) .  
Our  scheme pred ic ts  that  bo 'h  the  ATP/ADP ant i -  
por ter  and  thermogen in  shou ld  be  ra ther  non-spec i f i c  
towards  hydrophob ic  an ions .  In  1990 th i s  suggest ion  
was  d i rec t ly  p roved .  We have  shown [22] that  not  on ly  
fa t ty  ac ids  but  a l so  smal l  amounts  o f  a r t i f i c ia l  an ion ic  
detergents  uch  as dodecy l  su l fa te  and  eho la te  can  cause  
the  CAt r -sens i t ive  uncoup l i~ ig  in rat  l i ver  mi tochondr ia .  
Under  the  same cond i t ions ,  uncoup l ing  by  a cat ion ic  
detergent  (cety l t r imethy l  ammonium)  or  by  a non- ion ic  
detergent  (T r i ton  X -100)  was  CAt r - res i s tant .  Low con-  
ceat ra t ions  o f  dodecy l  su l ta te  and  cho la te  induc ing  a 
CAt r -sens i t ive  re lease  o f  the  resp i ra tory  cont ro l  were  
found to  increase  spec i f i ca l ly  the  CAt r -sens i t ive  H ÷ per -  
meab i l i ty  o f  mi tochondr ia .  The  uncoup l ing  concent ra -  
t ions  o f  cho la te  and  dodecy l  su l fa te  v e re  much lower  
than  those  caus ing  the  non-spec i f i c  damage o f  mi -  
tochondr ia  b: " much h igher  than  the  uncoup l ing  con-  
cent ra t ions  o f  pa lmi ta te .  
S imi la r  features  were  shown to  be  inherent  in thermo-  
gen in .  Accord ing  to  R ia l  et  a l .  [30] and  K l ingenberg  
[16], not  on ly  w ide-spread  natura l  fa t ty  ac ids  l i ke  pa l -  
mi ta te ,  s tearate  and  o leate ,  but  a l so  carboxy l i c  ac ids  
w i th  a shor ter  hydrocarbon  cha in  a re  st i l l  competent  
(but  a t  h igher  concent ra t ions)  in ac t ivat ing  the  ther -  
mogen in -med ia ted  H + conductance .  Recent ly  Gar l id  
showed [27] that  hexane su i fonate  can  subst i tu te  for  
pa lmi ta te  in ac t ivat ing  the  H ~ conductance  v ia  thermo-  
gen in ,  the  ha l f -max imal  concent ra t ion  o f  hexane su l -  
fonate  be ing  more  than  10 ~ t imes  h igher  than  that  o f  
pa lmi ta te .  The  e f fect  o f  hexane su l fonate  looks  qu i te  
s imi la r  to  that  o f  dodecy i  sLdfate (gee above) .  
The  most  impor tant  observat ion  made by  Jezek  and  
C iar l id  [27,31] in 1990 is that  they  demonst ra ted  the  
pmrine nuc leet ide -sens i t ive  t ranspor t  of  hexane su l fonate  
to  the  brown fat  mi tochondr ia  and  thermogen in  proteo-  
l iposomes .  Fur ther  s tud ies  showed that  not  on ly  hexane 
su l fonate  but  a l so  a la rge  group  o f  monova lent ,  mon-  
opo lar  an ions  can  be  t ranspor ted  by  thermogen in .  The  
l ist  o f  t ranspor tab le  an ions  inc ludes  a lky l su l fa tes ,  ben-  
zenesu l fonate ,  oxoha logen ides ,  hypophosphate ,  hexa-  
f luorophosphate  and  pyruvate .  The  po lar  g roup  must  
not  be  b locked  by  a iky l  o r  a ry l  subst i tuents .  
It  is in teres t ing  that  non-spec i f i c i ty  o f  the  thermo-  
gen in - induced conductance  was  a l ready  recogn ized  by  
i ts  f i rst  s tudents ,  N icho l l s  and  L indberg  [28], who  found 
that  b rown fa t  mi tochondr ia  a re  permeab le  not  on ly  to  
H ~ but  ~ lso  to  C I - .  Gar l id  and  co -workers  [27,29,31] 
reconst i tu ted  C I -  t ranspor t  in thermogen in  proteo l i -  
posomes  and  ~hnwccl  that ,  ~_!nlike in the  case  o f  H* 
t ranspor t ,  fa t ty  an ions  are  no :  nece~:~ary fo r  th is  
p rocess .  Rather  they  seem to  compete  w~zh C1- fo r  ther -  
mogen in .  The  ra te  o f  C I -  t ranspor t  p roved  to  be  much 
lower  tha~i that  o f  hexane su l fonate  and  even  o f  butane  
su l fonate .  Genera l ly  the  ra tes  o f  t ranspor t  *as we l l  as  Ki 
va lues  fo r  pur ine  nuc leot ide  inh ib i t ion)  a -e  shown to  
increase  w i th  the  length  o f  the  a lky l  res idue .  Unfor -  
tunate ly ,  the  method o f  t ranspor t  ra te  me ~surements  
( the  swe l l ing  o f  the  brown fa t  mi tochondr ia  incubated  
w i th  0.05 M sod ium sa l t s  o f  the  an ions)  d id  not  a l low 
fo r  the  s tudy  o f  long-cha in  fa t ty  ac ids .  However ,  the  
above  ment ioned dependence  o f the  t ranspor t  ra te  upon 
the  length  o f  the  hydrocarbon  cha in  s t rong ly  suggests  
that  fa t ty  ac id  an ions  shou ld  be  e f fec t ive ly  t ranspor ted  
by  ther rnogen in .  Combin ing  th i s  suggest ion  w i th  the  
very  fac t  that  p ro tonated  fa t ty  ac ids  can  eas i ly  t raverse  
the  membrane,  one  may conc lude  that  a t  leas t  a por t ion  
o f  the  thermogen in -med ia ted  H ÷ conductance  is due  to  
fa t ty  ac id  c i rcu la t ion .  The  min imal  hypothes is  cons is ts  
in that  th i s  is the  on ly  mechan ism o f  uncoup l ing  by  
thermogen in .  
4- SOME APPARENT D IFF ICULT IES  
There  is an  op in ion  that  H+ and C I -  a re  t ranspor ted  
v ia  two  d i f fe rent  pathways  both  med ia ted  by  thermo-  
gen in  [32]. Accord ing  to  our  scheme,  the  d i f fe rence  in 
the  mechan ism o f  H ÷ and  C I -  t rans iocat ions  cons is ts  in 
that  H ÷ conductance  invo lves  c i rcu la t ion  o f  a weak  
ac id ,  natura l  fa t ty  ac ids  be ing  the  most  e f fec t ive ,  
whereas  C I -  does  not  requ i re  such  a c i rcu la t ion .  
Never the less ,  there  is no  reason  to  speak  about  two  
pathways ,  one  fo r  I-i + and  the  o ther  fo r  C i -  s ince  it is 
assumed that  both  C I -  and  fa t ty  an ions  compete  fo r  the  
bame an ion-car ry ing  groups  or  an ion ic  channe l  in thor -  
mogen in .  An  observat ion  that  H ÷ t ranspor t  is sens i t ive  
to  o rganomercur ia l s  whereas  the  C I -  t ranspor t  is not  
[321, seems hard ly  conc lus ive  s ince  organomercur ia l s  
such  as  mersa ly l  fo rm complexes  wi t , t  C I -  [33] and  in-  
duce  C i -  permeab i l i ty  [34]. An  a l te rnat ive  poss ib i l i ty  is 
that  the  pathways  o f  hydroph i l i c  C I -  and  hydrophob ic  
fa t ty  ac id  an ions  towards  the  an ion-car ry ing  s i tes  in 
thcrmogen in  are  d i f fe rent ,  the  la t te r  be ing  spec i f i ca l ly  
b locked  by  SH- reagents .  
On  the  face  o f  i t ,  there  is a d i f f i cu l ty  in our  scheme 
in the  assumpt ion  o f  the  ex is tence  o f  the  protonated  
fo rms o f  a lky i  su l fonates  and  a lky l  su l fa tes  a t  neut ra l  
pH.  Th is  assumpt ion  is necessary  to  exp la in  how e.g.  
dodecy lsu l fa te  uncoup les  ra t  l i ver  mi tochondr ia  in the  
CAt r -sens i t ive  fash ion  [22]. In  fac t ,  the  pK ,  va lues  o f  
these  an ions  are  so  s t rong ly  sh i f ted  to  ac id ic  pH va lues  
that  the  concent ra t ion  o f  the i r  p ro tonated  fo rms at  neu-  
t ra l  pH is neg l ig ib le .  However ,  such  a reason ing  is va l id  
fo r  the  bu lk  water  phase ,  not  f~r  *he membrane/water  
in ter face .  Accord ing  to  Sankaram ¢t al .  [3~], the  pK  a 
va lues  o f  fa t ty  an ions  in the  in ter face  are  very  much 
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h~gber  than  in aqueous  so lu t ion .  Thus ,  the  pKa  o f  s tea -  
ra te  in the  d imyr i s toy l  phosphat idy lg lycero l  iposomes  
is as  h igh  as  8.0 ( in aqueous  so lu t ion ,  5.0).  The  pKa 
va lue  cou ld  be  fu r ther  inc reased  up  to  9.6 when some 
proteo l iposomes  were  used  ins tead  o f  i iposomes .  
The  non-spec i f i c i ty  o f  the  por ters  to  the  s t ructure  o f  
t ranspor ted  an ions  seems one  more  surpr i s ing  feature  
o f  the  sys tems.  However ,  it shou ld  be  s t ressed  that  e.g.  
thermogen in  non-spec i f i c i ty  is, most  p robab ly ,  not  man-  
i fes ted  under  phys io log ica l  cond i t ions  s ince  mi l l imo lar  
concent ra t ions  o f  pur ine  nuc leot ides ,  wh ich  are  a lways  
present  in  the  cel l ,  a re  qu i te  su f f i c ient  to  b lock  t rans -  
locat ion  o f  the  an ions  wh ich  are  less hydrophob ic  than  
natura l  fa t ty  ac ids .  
In  th i s  context ,  it is apt  to  ment ion  the  genera l  an ion  
car r ie r  postu la ted  in mitc ,  cho~dr ia  by  Beav is  et  al.  
[36,37] and  the  observat ion  by  Kramer 's  g roup  t?,at  the  
SH reagent -mod i f ied  ATP/ADP ant ipor ter  in p ro teo l i -  
posomes  becomes  competent  in the  ATP  an ion  un~por t  
[3S]. 
5. PHYS IOLOGICAL  IMPL ICAT ION 
There  is no  doubt  that  the  fa t ty  ac id  and  thermo-  
gen in -med ia ted  uncoup l ing  is invo lved  in the  regu la tory  
heat  product ion  by  brown fa t  ( fo r  rev iews ,  see [I 1,19]). 
As  to  o ther  t i ssues ,  invo lvement  o f  fa t ty  ac ids  in uncou-  
p l ing  under  coo l ing  seems a lso  h igh ly  probab le  (see 
above  and  ref .  [19]) but  the  prec ise  mechan ism o f  the i r  
ac t ion  shou ld  be  sys temat ica l ly  s tud ied .  The  ATP/ADP 
ant ipor ter -med ia ted  uncoup l ing  is the  s imples t  poss ib i l -  
i ty  wh ich  was  d i rec t ly  p roved  in our  group  a t  leas t  in 
one  case  namely  dur ing  arousa l  o f  g round squ i r re l s  
a f te r  h ibernat ion  [39]. In  the  o l igomyc in - t reated  hear t  
musc le  and  l i ver  mi tochondr ia  f rom arous ing  an imals ,  
CAt r  was  shown ( i)  to  decrease  the  resp i ra t ion  ra te ,  ( i i)  
to  inc rease  the  membrane potent ia l  and  (i i i )  to  lower  the  
ra te  o f  the  membrane potent ia l  d i scharge  a f te r  add i t ion  
o f  cyan ide .  Serum a lbumin  e f fec t ive ly  subst i tu ted  lk)r 
CAt r  so  that  CAt r  added a f te r  a lbumin  had  no  ef fect .  
A rousa l  was  a l so  found to  be  accompan ied  by  an  in-  
c rease  in the  f ree  fa t ty  ac id  content  both  in  the  hear t  
musc le  and  in  the  mi toehondr ia  i so la ted  f rom th is  mus-  
c le.  The  fa t ty  ac id  concent ra t ion  increased  and  the  
CAt r -sens i t ive  uncoup l ing  d i sappeared  when the  body  
temperature  o f  the  ground squ i r re l  reached 37°C.  The  
s imples t  way  to  recoupte  the  fa t ty  ae id -uncou l~4ed mi -  
tochondr ia  wou ld  be  to  ox id i ze  the  excess  o f  the  mi to -  
chondr ia l  f ree  fa t ty  ac ids .  
6. SOME , '3THER HYPOTHESES 
An  a l te rnat ive  exp lanat ion  o f  the  fa t ty  ac id -med ia ted  
uncoup l ing  wou ld  be  that  fa t ty  ac ids  serve  as  a i los ter i c  
ac t ivators  o f  the  H + conductance  through the  ATP/  
ADP-ant ipor ter  and  thermogen in .  
K l ingenberg  ment ioned that  " fa t ty  ac ids  may fo rm a 
mice l la r  H + buf fe r  near  o r  in the  t rans locat ion  channe l  
o f  uncoup l ing  prote in '  [40]. I f  th i s  is the  case,  the  ques -  
t ion  ar i ses  whe lher  suc i l  an  ef fect  is the  on ly  ro le  o f  ra l l y  
ac ids  in the  uncoup l ing ,  o r  the  loca l  pH buf fe r ing  is 
supp lemented  by  c i rcu la t ion  o f  fa t ty  a~;ids as  shown in 
F ig .  1. 
Jezek  and  C ;ar l id  [31] cons idered  f ive poss ib le  pat -  
te rns  o f  the  thermogen in  mechan ism,  namely  (1) an ion  
channe l ,  (2)  an ion  channe l  w i th  a hydrophot ) i c  bar r ie r  
fo r  an ions ,  (3) separate  H + and  an ion  pathways ,  (4)  
an ion  channe l  wh ich  prov ides  a s i te  fo r  a ! los ter i c  fa t ty  
ac id  ac t ivat ion  o f  H ÷ un ipor t  and  (5) thermogen in  as  a 
member  o f  the  fami ly  o f  mi tochondr ia l  an ion  por ters .  
Some o f  these  mode ls ,  l i ke  that  o f  K l ingenberg ,  can_ be  
combined  w i th  our  fa t ty  ac id  c i rcu la t ion  hypothes is  
whereas  o thers  cannot .  I f  the  la t te r  were  the  case,  the  
most  p robab le  s i tuat ion  wou ld  be  that  two  mechan isms 
o f  thermogen in  uncoup l ing  co -ex is t ,  one  postu la ted  by  
Jezek  and  Gar l id  and  another  shown in F ig .  1. Such  an  
assumpt ion  is a d i rec t  conseqt ,  ence  o f  observat ions  
made by  the  same authors  that  hexane su l fonate  (i) is 
t rans loeated  v ia  thermogen in ,  ( i i)  rep laces  fa t ty  ac ids  in 
ac t ivat ion  o f  the  thermogen in -med ia ted  n ÷ conduct -  
ante  and  ( i i i )  both  these  proper t ies  a re  i ld i c rent  in o ther  
monova lent  an ions ,  inc reas ing  w i th  the  increase  in the  
length  o f  the  hydrocarbon  ' ta i l ' .  The  above  i tem 
s t rong ly  suggests  that  natura l  fa t ty  ac ids  be long  to  the  
fami ly  o f  thermogen in - t ranspor ted  an ions .  
There  are  some ind icat ions  that  the  thermogen in  or  
ATP /ADP ant ipor ter -med ia ted  uncoup l ing  is not  the  
on ly  mechan ism o f  d i ss ipat ion  o f  the  resp i ra tory  energy  
by  f ree fa t ty  ac ids .  A t  leas t  in v i t ro ,  one  more  mode o f  
uncoup l ing ,  a l so  ac t ivated  by  fa t ty  ac ids ,  has  been de-  
sc r ibed .  I t  requ i res  Ca  2÷ and inc ludes  a cascade  o f  sev-  
e ra l  p rocesses  such  as  phospho l ip id  hydro lys i s ,  per -  
ox idat ion  and  some others  [18,41,42].  I t  is, however ,  
not  c lear  whether  th is  sys tem is operat ive  in v ivo  under  
cond i t ions  o f  the  thermoregu la tory  heat  product ion .  
Among other  poss ib le  fa t ty  ac id  e f fects  wh ich  can  resu l t  
in uncoup l ing  we may ment ion  (i) ,dpH d iss ipat ion  due  
to  d i f fus ion  o f  the  protonated  fa t ty  ac ids  v ia  phospho-  
l ip id  par t  o f  the  membrane,  ( i i)  inc rease  in d ie lec t r i c  
constant  o f  the  membrane sys tem which  might  lower  the  
cont r ibut ion  o f  the  loca l  e lec t r i c  f ie ld to  the  energy  cou-  
p l ing ,  ( i i i )  t ranspor t  o f  the  fa t ty  an ions  oy  prote ins  o ther  
than  ~he ATP/ADP ant ipor ter  and  thermogen in .  One  o f  
these  e f fec ts  may be  respons ib le  fo r  the  fa t ty  ac id  un-  
coup l ing  ac t iv i ty  in ch lo rop las ts  [43]. 
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